The diversity of populations in domestic species offers great opportunities to study genome re-15 sponse to selection. The recently published Sheep HapMap dataset is a great example of characteri-16 zation of the world wide genetic diversity in sheep. In this study, we re-analyzed the Sheep HapMap 17 dataset to identify selection signatures in worldwide sheep populations. Compared to previous anal-18 yses, we made use of statistical methods that (i) take account of the hierarchical structure of sheep 19 populations, (ii) make use of linkage disequilibrium information and (iii) focus specifically on either 20 recent or older selection signatures. We show that this allows pinpointing several new selection sig-21 natures in the sheep genome and distinguishing those related to modern breeding objectives and to 22 earlier post-domestication constraints. The newly identified regions, together with the ones previously 23 identified, reveal the extensive genome response to selection on morphology, color and adaptation to 24 new environments. 25 Introduction 26 Domestication of animals and plants has played a major role in human history. With the advance of 27 high-throughput genotyping and sequencing technologies, the analysis of large datasets in domesticated 28 species offers great opportunities to study genome evolution in response to phenotypic selection [1]. The 29
Morphology Another group of genes that are found within selection signatures have known effects 188 on body morphology and development. NPR2, HMGA2 and BMP2, pointed out previously [4] are 189 confirmed as good positional candidates by our study. We also found strong evidence for selection on 190 WNT5A, ALX4 or EXT2, and two HOX gene clusters (HOXA and HOXC). WNT5A and ALX4 are 191 two genes involved in the development of the limbs and skeleton. Mutations in WNT5A are causing the 192 dominant Human Robinow syndrome, characterized by short stature, limb shortening, genital hypoplasia 193 and craniofacial abnormalities [33] . ALX4 loss of function mutations cause polydactily in the mouse, 194 through disregulation of the sonic hedgehog (SHH) signaling factor [34, 35] . Moreover, the ALX4 protein 195 has been shown to bind proteins from the HOXA (HOXA11 and HOXA3) and HOXC (HOXC4 and 196 HOXC5) clusters [36] . Located just besides ALX4 and corresponding to the same selection signature, 197 EXT2 is responsible for the development of exostose in the mouse [37] . HOX genes are responsible for 198 antero-posterior development and skeletal morphology along the anterior-posterior axis in vertebrates. 199 The selection signature around HOXA is a recent selection signature in the SWA group, while that around 200 HOXC is an ancestral signature with a high differentiation of the ASI ancestor compared to AFR and 201 SWA ( Table 3) .
202
Finally, we note that an ancestral selection signature is found near the ACAN gene, whose expression 203 was shown to be upregulated by BMP2 [38] , another candidate gene for selection. Three genes within 204 the selection signature are found closer to the maximum test value than ACAN, but these are in silico 205 predicted genes, whose protein coding function has not been confirmed, so ACAN seems to be overall a 206 better candidate for explaining selection in the region. Mutations in the ACAN gene have been shown 207 to induce osteochondrosis [39] and skeletal dysplasia [40] . The ACAN region has also been shown to be 208 associated with height in humans [41] .
209
Traits of agronomic importance Sheeps have been raised for meat, milk and wool production.
210
Under selection signatures, we found several genes associated with these production traits. In addition 211 to the selection signature in Texels on the MSTN gene for increased muscularity [42] , discussed in [13], 212 we detected a selection signature centered on HDAC9 and including few other genes, which could also be 213 linked to muscling. HDAC9 is a known transcriptional repressor of myogenesis. Its expression has been 214 shown to be affected by the callypige mutation in the sheep at the DLK1-DIO3 locus [43] . The signature With information on adaptive genome regions and selected populations, we hope that our work will 274 foster new studies to unravel the underlying biological mechanisms involved. To this aim, it is likely that 275 further phenotypic and genetic data are required. On the genetics side, even though the SNP array used 276 in this study was sufficient to localize genome regions harboring adaptive mutations, its density and the 277 SNP ascertainment bias resulting from its design did not allow to tag the causative mutation precisely.
278
Elucidating the causal variation underlying selection signatures will thus most likely require large scale 279 sequencing data.
280
Genome scans for selection, including this one, are identifying regions that are outliers from a statis-281 tical model and do not require to specify an alternative hypothesis based on phenotypic records. While 282 this can be seen as an advantage for the initial localization of genome regions, it is a limitation for the 283 identification of biological processes involved. Gathering phenotypic records in specific populations, in 284 particular for color and morphology traits, will be needed to go further.
285

Methods
286
Selecting populations and animals Seventy-four breeds are represented in the Sheep HapMap data 287 set, but we only used a subset of these breeds in our genome scan. We removed the breeds with small 288 sample size (< 20 animals), for which haplotype diversity cannot be determined with sufficient precision.
289
Based on historical information, we also removed all breeds resulting from a recent admixture or having 290 experienced a severe recent bottleneck. Focusing on the remaining breeds, we then studied the genetic 291 structure within each population group, in order to detect further admixture events. We performed a 292 standardized PCA of individual based genotype data and applied the admixture software [16] .
293
In two population groups (AFR and NEU) the different breeds were clearly separated into distinct 294 clusters of the PCA and showed no evidence of recent admixture (Figures S1 and S2). These samples 295 were left unchanged for the genome scan for selection. A similar pattern was observed in three other 296 groups (ITA, SWA, ASI), except for a few outlier animals that had to be re-attributed to a different breed 297 or simply removed ( Figures S3, S4 and S5 ). In the two last groups (CEU and SWE), several admixed 298 breeds were found and were consequently removed from the genome scan analysis ( Figures S6 and S7) . 299 We performed a genome scan within each group of populations listed in Table 1 , with a single SNP 300 statistic FLK [10] and its haplotype version hapFLK [13] .
Population trees Both statistics require estimating the population tree, with a procedure described in 302 details in [10] . Briefly, we built a population tree for each group by first calculating Reynolds' distances 303 between each population pair, and then applying the Neighbor Joining algorithm on the distance matrix.
304
For each group, we rooted the tree using the Soay sheep as an outgroup. This breed has been isolated on 305 an Island for many generations and exhibits a very strong differentiation with all the breeds of the Sheep 
